BACKGROUND: Activins control the growth of several tumour types including thoracic malignancies. In the present study, we investigated their expression and function in malignant pleural mesothelioma (MPM). 
Malignant pleural mesothelioma (MPM) is a highly lethal malignancy strongly associated with asbestos exposure (Peto et al, 1999) . Owing to the long latency period of 20-40 years, the incidence of MPM is expected to increase dramatically over the next few decades despite the implementation of a ban on asbestos use in most countries since the 1980s. Estimations predict 250 000 people to die from MPM in Europe in the next 30 years and 2500-3000 new cases to be diagnosed each year in the United States (Peto et al, 1999; Robinson and Lake, 2005) . The expected median survival of patients suffering from MPM is still poor ranging from 4 to 12 months after diagnosis (Zucali and Giaccone, 2006) . Aggressive cytoreductive therapy, including surgery (extrapleural pneumonectomy) in combination with chemotherapy and radiation (trimodality therapy), has been shown to prolong survival in selected patients with early MPM (Sugarbaker et al, 1996) . However, even the most successful current chemotherapy regimen (pemetrexed/cisplatin) prolongs median survival only by a few months (Vogelzang et al, 2003) . Therefore, a better understanding of the mechanisms controlling malignant growth of MPM cells and the rational development of new therapeutic concepts with higher efficiency and defined cellular targets remains an important priority (Jackman, 2009) .
Activins are members of the transforming growth factor b-(TGF-b) superfamily of growth and differentiation factors. Activin A, a homodimer of two bA subunits, has important physiological roles in cell differentiation, wound healing and inflammation (Werner and Alzheimer, 2006) and has the ability to either inhibit or promote growth, depending on the cell type. With respect to cancer, activin A was shown to inhibit cell proliferation in hepatocellular carcinoma (Chen et al, 2000) , breast cancer (Burdette et al, 2005) or prostate cancer (Wang et al, 1996) . Accordingly, tumours from these organs often show overexpression of activin antagonising proteins such as follistatin (Grusch et al, 2006) or FLRG (Razanajaona et al, 2007) . In contrast, promotion of cell proliferation by activin A was demonstrated in endometrial carcinoma (Tanaka et al, 2004) , oral squamous cell carcinoma (Chang et al, 2010) and several thoracic tumours, such as oesophageal squamous cell carcinoma (Yoshinaga et al, 2008) , oesophageal adenocarcinoma (Seder et al, 2009a) and lung adenocarcinoma (Seder et al, 2009b) . In these cancer types, overexpression of activin A was found and often associated with poor prognosis, enhanced metastasis or a shorter disease-free survival time (Yoshinaga et al, 2003; Seder et al, 2009b; Chang et al, 2010) . Moreover, downregulation of activin A gene expression via RNA interference reduced cell proliferation and invasion of cancer cells from these malignancies (Seder et al, 2009a,b; Chang et al, 2010) , thus demonstrating the importance of activin A signalling for various carcinomas and suggesting activin A as a potential candidate for therapeutic interference.
In the present study, we show that activin A is highly expressed in MPM cell lines and in a subset of MPM tissue specimens. Furthermore, we demonstrate that inhibition of activin receptors or silencing of activin A gene expression impairs growth and migration of MPM cells.
MATERIALS AND METHODS
Cell culture SPC111, SPC212 and M38K cells were established from biphasic MPM and kindly provided by Professor R Stahel (SPC11 and SPC212, University of Zurich, Zurich, Switzerland) and Professor VL Kinnula (M38K, University of Helsinki, Helsinki, Finland). All other mesothelioma cell lines were from epitheloid MPM. The I2 MPM cell line was kindly provided by Professor A Catania (University of Milano, Milano, Italy). The CRL5820 and the nontransformed mesothelial cell line Met5a were purchased from the American Type Culture Collection (Manassas, VA, USA). P31 and their cisplatin-resistant derivative P31res1.2 (established by in vitro cisplatin selection) were kindly provided by Professor K Grankvist (University of Umea, Umea, Sweden). The VMC6 and VMC20 cell lines were established by our group following published protocols (Sagmeister et al, 2008) . The MPM cell lines were maintained in RPMI1640 or MEM with 10% fetal calf serum (PAA, Pasching, Austria). Cell lines were authenticated by arraycomparative genomic hybridisation or DNA fingerprinting and regularly checked for Mycoplasma contamination.
RNA isolation, cDNA synthesis and real-time PCR Isolation of total RNA from logarithmically growing cells was performed with TRIzol (Life Technologies, Carlsbad, CA, USA) and 2 mg RNA per sample were reverse transcribed with MMLV reverse transcriptase (Thermo Scientific, Waltham, MA, USA). One microlitre cDNA, corresponding to 50 ng RNA, was analysed per PCR. Quantitative real-time PCR (QPCR) was performed with Taqman assays or SYBR Green (Life Technologies), as previously described (Grusch et al, 2006) , on an ABI Prism 7500 thermocycler (Life Technologies). Assay IDs, primer sequences and annealing temperatures are listed in Supplementary Tables S1 and S2. The housekeeping genes b-2 microglobulin, glyceraldehyde-3 phosphate dehydrogenase (GAPDH), b-actin and 18s ribosomal RNA were used for normalisation, and semiquantitative determination of gene expression was performed by applying the 2 ( À DDCT) method using Met5a as calibrator. All expression analyses were performed in duplicates and repeated at least twice.
Tissue samples
Formalin-fixed, paraffin-embedded tumour tissue was available from 53 MPM patients resected between 1993 and 2010 at the Medical University of Vienna, Department of Surgery. All procedures were approved by the local Ethics Committee. Tissues were embedded during routine diagnostic work-up and coded by the Department of Pathology. Sections from each tumour block were cut at 4 mm. Haematoxylin and eosin staining was used to confirm the presence of invasive cancer.
Immunohistochemistry
Briefly, tissue sections were deparaffinised and rehydrated. After epitope retrieval, sections were incubated overnight at 4 1C with primary antibodies (anti activin A, AbD Serotec, Kidlington, UK; Ki67, Dako, Glostrup, Denmark; dilutions 1 : 100). Specificity of the activin A antibody was confirmed by immunoblotting using recombinant human (rh) activin A. Bound antibody on tissue sections was detected with the UltraVision LP detection system (Thermo Scientific). Colour development was done by 3,3 0 -diaminobenzidine and counterstaining by haematoxylin. Staining was evaluated by a thoracic pathologist unaware of the patients' clinicopathological status. Only cytoplasmic staining of activin A was considered positive. Mean staining intensity was scored as absent (0), weak (1), moderate (2) or strong (3). The results were correlated with clinical/histological data using SPSS 17 software (SPSS Inc., Chicago, IL, USA).
Western blot analysis
Cells were seeded into six-well plates at a density of 3 Â 10 5 per well. After 24 h, cells were incubated with rh activin A (20 ng ml À 1 , R&D Systems, Minneapolis, MN, USA) for 30 min or transfected with siRNA oligonucleotides for 24 h as described below. Then proteins were extracted and processed for SDS-PAGE and immunoblotting as published (Hoda et al, 2011) . The following primary antibodies were used: rabbit polyclonal to pSMAD2 (#3101), total SMAD2/3 (#3102), pERK1/2 (#9101), total ERK1/2 (#9102), mouse monoclonal to cyclin D1 (#2926), D2 (#2924) and D3 (#2936), rabbit monoclonal to b-tubulin (#2128) (all from Cell Signaling Technology, Danvers, MA, USA), mouse monoclonal to b-actin (Sigma, St Louis, MO, USA) at 1 : 1000 dilutions in PBS with 3% BSA. Horseradish peroxidase-coupled anti-rabbit/mouse antibodies (3% BSA, Dako) were used at 1 : 10 000 dilutions and blots developed with Western C reagent (Bio-Rad, Hercules, CA, USA). Bio-1D software (Vilber Lourmat, Eberhardzell, Germany) was used for band quantification.
Clonogenic assay
One thousand cells per well were seeded into six-well plates. After 24 h, the medium was removed, cells were washed once with PBS and treated with 20 ng ml À 1 rh activin A (in PBS 0.1% BSA) or 2.5-20 mM of the activin receptor inhibitors SB-431542 or A-8301 (both from Tocris Bioscience, Bristol, UK) in DMSO. Controls were treated with solvent only. Treatment medium was renewed every 72 h. After 10-14 days, the medium was removed and colonies were stained with crystal violet. For photometric quantification, colonies were destained with 2% SDS and absorbance was measured at 562 nm using a SynergyHT plate reader and Gen5 software (BioTek, Winooski, VT, USA).
Scratch assay
Scratches were applied to confluent cultures in six-well plates using a pipette tip, medium was renewed and the indicated treatments were added. Scratches were photographed after 0, 4, 8, 24 and 48 h, and wound closure was calculated from the micrographs with Image J software (National Institutes of Health, Bethesda, MD, USA).
Cell viability assay
Cells were seeded in triplicates into 96-well plates at a density of 2 Â 10 3 cells per well. The next day, medium was replaced with 100 ml fresh medium containing the indicated treatments and cells were incubated for 72 h. Cell viability was determined with the EZ4U kit (Biomedica, Vienna, Austria) following the manufacturer's instructions. Absorbance was measured at 450 and 620 nm (as reference) as described above. Experiments were repeated at least three times.
Gene silencing
Cells were seeded into six-well plates at a density of 2 Â 10 5 per well in full growth medium. The next day, cells were transfected with 50 nM siRNA targeting activin bA or non-silencing siRNA (both from Dharmacon, Lafayette, CO, USA) and Oligofectamine (Life Technologies) as transfection reagent. Cells were collected 48 h after transfection for determination of silencing efficiency by Taqman assays. Cell viability, colony formation and protein expression were tested as described above, except that clonogenic assays were performed in 12-well instead of 6-well plates.
Statistical analysis
Data are expressed as means ± s.d. from at least three individual experiments, except for staining scores, which are shown as box blots. Statistical significance of differences was determined by Figure 1 Expression of activin family genes in MPM cell models. RNA was extracted and reverse transcribed from subconfluent cultures of MPM cells and the non-malignant mesothelial cell line Met5a. The expression levels were determined with Taqman assays (activin subunits, A-D) or SYBR green real-time PCR (activin receptors, E-H) by the 2 ( À DDCT) method using GAPDH for normalisation and Met5a as calibrator. Log 2 ratios of fold change compared with Met5a from at least two independent experiments performed in duplicates are shown.
using unpaired t-test, w 2 -test or one-way or two-way ANOVA, as appropriate. P-valueso0.05 were considered statistically significant. Survival analysis was performed using Kaplan-Meier curves, log-rank test and the Cox-regression model.
RESULTS

Malignant pleural mesothelioma cell lines (over)express activin family members
The transcript levels of the activin subunits (bA, bB, bC and bE, Figure 1A -D) as well as the activin type I and type II receptors (ALK4, ALK7, ACVR2, ACVR2B, Figure 1E -H) were analysed using QPCR. Analyses were performed in nine MPM cell lines in comparison with the non-malignant mesothelial cell line Met5a. All cell lines expressed detectable levels of activin subunits as well as activin receptors. Importantly, the activin bA subunit, which has been previously linked to tumour aggressiveness in thoracic malignancies (Yoshinaga et al, 2008; Seder et al, 2009b) , was elevated more than four-fold (log 2 ratio 42) in six of nine MPM cell lines. Among the activin receptors, the type I receptors were mostly downregulated, whereas the type II receptor ACVR2 was upregulated. Activin signals are kept in balance by several antagonists such as follistatin, fstl3/FLRG, inhibin-a and TDGF1/ cripto-1. However, none of these showed a clear trend of up-or downregulation in MPM cell lines (Supplementary Figure S1) . No significant correlation was found between the expression level of the bA subunit and activin receptors or activin antagonists.
Activin A is highly expressed in epitheloid MPM tissue
As activin bA was overexpressed in the majority of MPM cell lines, we next tested, whether activin A is also present in tissue specimens from MPM patients. Paraffin-embedded tissue samples were available from 36 patients with epitheloid, 13 with biphasic and 4 with sarcomatoid MPM. Activin A staining of tumour cells is displayed as mean staining score for the three different histological subtypes (Figure 2A ). Overall, 6 (11.3%), 20 (37.7%), 20 (37.7%) and 7 (13.2%) of the tumours had strong, moderate, weak or absent staining, respectively. Representative cases are shown in Figure 2B . There was a significant association of activin A expression with epitheloid vs non-epitheloid histology (P ¼ 0.005), but not with patient survival, stage or nuclear Ki67 expression. In tumours with biphasic histology, activin A was predominantly present in the epithelial compartment.
Activin A stimulates growth and migration of MPM cells
Activin A has been connected to either apoptosis induction or more aggressive growth of tumour cells depending on the cell type. 
Therefore, we next evaluated the response of MPM cells to activin
A. First, we tested induction of SMAD signalling by activin A. When MPM cell lines were treated with recombinant activin A, an increase of phosphorylated SMAD2 was seen in all tested cell lines ( Figure 3A ). VMC20 and M38K also showed a considerable degree of SMAD2 activation in the absence of activin A treatment. No activation of MAP-kinase signalling (p38, ERK1/2) by activin A was seen in any of the cell lines (data not shown). When clonogenic growth/survival assays were performed, activin A induced a stimulation of up to 50% compared with mock-treated controls ( Figure 3B and C). Also cell migration, analysed by scratch assay, was enhanced ( Figure 3D ). This demonstrates that activin A signal transduction via the canonical SMAD pathway is active in MPM cells and that MPM cells respond to activin A with increased growth and migration.
Inhibition of activin receptors impairs growth, clonogenicity and migration of MPM cells
As activin A supported MPM cell growth and MPM cell lines expressed activin bA, we next tested the dependency of MPM cell lines on activin receptor signals. Two different kinase inhibitors (SB-431542 and A-8301) targeting type I activin receptors (activinlike receptor kinases, ALK) were used. SB-431542 induced a dosedependent inhibition of clonogenicity ( Figure 4A ). A similar growth inhibitory effect was also seen with A-8301, or when colorimetric short-term viability assays were performed instead of the clonogenic assays with SB-431542 ( Figure 4B and C). Wound closure in scratch assays was also significantly delayed by SB-431542 ( Figure 4D ).
Silencing of activin bA reduces viability and clonogenicity of MPM cells
As an additional proof for dependency of MPM cells on activin A, we silenced activin bA expression by siRNA. As shown in Figure 5A , a knockdown efficiency of around 75% was achieved when compared with respective mock controls (non-silencing siRNA). Again, a decrease of viability of 30-50% was seen in all cell models tested, except for P31, which showed no response in the short-term assay ( Figure 5B ). However, both P31 and its cisplatinresistant derivative were inhibited in the clonogenic assay ( Figure 5C ). To gain deeper insight into potential mechanisms underlying these effects, we analysed cyclin D expression and ERK1/2 phosphorylation of MPM cells in response to activin A silencing ( Figure 6 ). Although cyclin D2 was not expressed at detectable levels, repression of cyclin D1 and cyclin D3 was observed in VMC20 cells and to a more moderate degree also in P31. Reduced ERK1/2 phosphorylation was only seen in the VMC20 cell line, whereas P31 showed a slight increase.
DISCUSSION
Despite considerable efforts to improve the outcome of patients suffering from MPM (Kelly et al, 2011) , the prognosis remains still poor. This emphasises the urgent need for a better understanding of the molecular changes leading to the development of MPM, which could serve as basis for designing new molecularly targeted treatment strategies.
Activins represent possible interventional targets, as they are involved in the control of cell proliferation and differentiation, and are frequently deregulated in a variety of malignancies (Risbridger et al, 2001; Tsuchida et al, 2009) . In liver cancer, for instance, tumour cells displayed decreased expression levels of activin A compared with normal hepatocytes (Vejda et al, 2003) and there is evidence for a decrease in activin signals in other cancer types such as breast and colorectal carcinoma (Jeruss et al, 2003; Jung et al, 2004) . Interestingly, in tumour cells from these malignancies, treatment with activin A exerted growth-suppressive effects (Vejda et al, 2003; Burdette et al, 2005; Razanajaona et al, 2007 ) that we Figure S2) . In contrast, a pro-tumourigenic role of activin A via the tumour microenvironment has recently been demonstrated in a mouse model of skin tumourigenesis (Antsiferova et al, 2011) . Similarly, increased activin A levels were found in thoracic malignancies, and treatment with activin A or ectopic overexpression of activin bA was associated with enhanced tumour cell aggressiveness (Yoshinaga et al, 2008; Seder et al, 2009a,b) .
In MPM, previous studies demonstrated an inhibition of cell proliferation and tumour growth by antisense RNA to TGF-b (Fitzpatrick et al, 1994 )-a cytokine of the same superfamily-but the role of activin signals in MPM has not been investigated so far. In the current study, we found increased expression of the activin subunits bA, bB and bC on the transcript level by QPCR in a panel of MPM cell lines, whereas in contrast to liver tumours (Grusch et al, 2006) , melanoma (Stove et al, 2004) or breast cancer (Razanajaona et al, 2007) , no consistent upregulation of the activin antagonists follistatin or FLRG was observed. Elevated expression of activin B or C has been reported in other malignancies as well (Gold et al, 2009; Frost et al, 2011) , but their function in tumour biology remains largely uncharacterised. As activin A has previously been implicated in malignant progression, we focused the subsequent analysis on this member of the activin family. Elevated activin A expression was confirmed by immunohistochemistry in tissue sections. This is in line with several recent publications, for instance in lung cancer (Seder et al, 2009b) oesophageal adenocarcinoma (Seder et al, 2009a) oral squamous cell carcinoma (Chang et al, 2010) and gastric cancer . Our results indicate that MPM is also characterised by increased rather than decreased activin A levels. However, in contrast to oral squamous cell carcinoma (Chang et al, 2010) , stage I lung adenocarcinoma (Seder et al, 2009b) and gastric cancer in a Chinese population , expression was not associated with a worsened disease outcome. This could be explained by the rather heterogeneous patient collective as a result of different treatment approaches currently applied in MPM. Similar to phospho-mTOR (Hoda et al, 2011) , activin A was associated with epitheloid histology, a histological subtype of MPM generally associated with a better outcome after trimodality treatment (Musk et al, 2011) .
No previous reports have been published on the impact of activin A on MPM cell behaviour. Therefore, we tested on the one hand the effect of recombinant activin A, and on the other hand inhibition of activin receptors. Activin A stimulated clonogenic growth and enhanced cell migration similar to the findings described for activin A in oesophageal adenocarcinoma and lung adenocarcinoma (Seder et al, 2009a,b) . Collectively, these data suggest that in each of these thoracic malignancies activin A has a tumour promoting rather than a tumour-suppressive effect. In colorectal and pancreatic carcinoma it was demonstrated that the growth inhibitory effect of activin A on tumour cells is lost by mutations in type I or type II activin receptors (Su et al, 2001; Hempen et al, 2003) . In our MPM cell line series the main type I receptor for activin A (ALK4) was downregulated and the type II receptor ACVR2 was upregulated. However, the canonical activin/ activin receptor/SMAD signalling axis was intact as evidenced by activin A-induced stimulation of SMAD2 phosphorylation.
Further confirming a pro-tumourigenic role of activin A in MPM, suppression of activin signals by two different inhibitors targeting activin receptor serine/threonine kinases led to a dosedependent decrease of clonogenicity and, moreover, significantly delayed wound closure in scratch assays, reflecting an inhibitory effect on cell migration. As the available kinase inhibitors also target the TGF-b receptor ALK5 (Inman et al, 2002) , we further confirmed our results more specifically by silencing activin expression with siRNA, which resulted in decreased viability both in short-and long-term assays.
Several reports have attributed effects of activin A to noncanonical activation of the MAPK pathway (Grusch et al, 2010) and to cell type-dependent positive (Ogawa et al, 2003) or negative (Yamato et al, 1997) regulation of cyclin D2 expression. Although stimulation with activin A for 30 min showed no indication for MAPK activation, VMC20 cells with high endogenous activin A expression and pSMAD2 levels responded to activin silencing with reduced levels of pERK, cyclin D1 and cyclin D3, which may at least in part explain the observed growth suppression. However, in contrast to a report on prostate cancer cells (Ying et al, 1997) , no regulation of p53 by activin A treatment or silencing was observed in MPM cells (data not shown).
The finding that the kinase inhibitors had a greater antigrowth impact than the siRNA may implicate that also TGF-b has a role in MPM cell growth. This is in line with previous results (Suzuki et al, 2007) and has led to the initiation of a clinical study with a monoclonal antibody targeting TGF-b in relapsed MPM (http:// ClinicalTrials.gov Identifier: NCT01112293). Our data indicate that also activin A may represent a potential target for intervention in MPM. In this regard, kinase inhibitors co-targeting TGF-b and activin receptors may even be of some advantage as increased efficiency of multitargeted approaches is also being discussed for tyrosine kinase inhibitors, for instance in lung cancer (Socinski, 2011) . In summary, our investigation for the first time addresses the role of activins in MPM and suggests them as valuable candidates for further evaluation.
